According to the visual span control hypothesis, eye movements are controlled in relation to the size of visual span. In reading, the decrease of contrast reduces visual span, saccade sizes, and reading speed. The purpose of the present study is to determine how stimulus contrast affects the speed of two-dimensional visual search and how changes in eye movements and visual span could explain changes in performance. The task of the observer was to search for, and identify, an uppercase letter from a rectangular array of characters in which the other items were numerals. Threshold search time, i.e. the duration of stimulus presentation required for search that is successful with a given probability, was determined by using a multiple-alternative staircase method. Eye movements were recorded simultaneously by using a video eye tracker. Four different set sizes (the sizes of stimulus array) (3 ×3-10× 10), and five different contrasts (0.0186-0.412) were used. At all set sizes, threshold search time decreased with increasing contrast. Also the average number of fixations per search decreased with increasing contrast. At the smallest set size (3 ×3), only one fixation was needed except at the lowest contrast. Average fixation duration decreased and saccade amplitudes increased slightly with increasing contrast. The reduction of the number of fixations with increasing contrast suggests that visual span, i.e. the area from which information can be collected at one fixation, increases with increasing contrast. The reduction of the number of fixations together with reduced fixation duration result in reduced search times when contrast increases.
Introduction
In a visual search task, one tries to find a target object from among a group of distractor objects. Search can vary in speed very much depending on how much the target differs from the distractors (Treisman & Gelade, 1980; Duncan & Humphreys, 1989; Wolfe, 1998) . If the difference is large, for instance, when one searches for a red target from a set of green distractors, search time does not depend much on the number of distractors ('parallel search'), and no eye movement is needed provided that peripheral visual acuity does not limit the visibility of stimulus elements. But if the difference of the target and distractors is small, search time increases, often linearly, with the number of distractors (set size effect) and many eye fixations may be required ('serial multiple fixation search').
In the early studies of visual search, it was assumed that there is covert serial scanning, which uses a rapidly moving 'mental spotlight' (Treisman & Gelade, 1980) . Several recent studies, however, question this interpretation. Findlay and Gilchrist (1998) (see also Rayner, 1998) argued that subjects in a visual search task have a tendency to move their eyes even though in some situations it would be a better strategy not to do so. They showed that in a conjunction search situation, processing of display elements during one fixation is too fast to be realistically accounted for by covert attentional scanning. Therefore, it is more plausible that subjects use parallel processing during fixations. The set size effect, i.e. the increase of processing time with increasing number of distractors, may result from the increase in position uncertainty of decision processes, which reduces the signal information available to the observer (Palmer, Ames, & Lindsay, 1993; Laarni, Näsänen, Rovamo, & Saarinen, 1996) . Within a single fixation the set size effect is predicted by low-threshold theories, which assume that the internal representation of stimuli is noisy, without having to assume serial processing of any kind (Palmer, Verghese, & Pavel, 2000) .
Visual span
Multiple fixations are necessary in a serial search task when the set size (the number of items) is large enough. This is due to the rapid decline of resolution of the visual system as a function of eccentricity. The main reason for this is the reduction of retinal ganglion cell density with increasing eccentricity (Curcio & Allen, 1990) . The area in which search elements can be recognised at one fixation is, therefore, limited. In reading studies, the area where letters can be recognised is called 6isual span (O'Regan, Lévy-Schoen, & Jacobs, 1983) . Visual span is better expressed in the number of character spaces than in degrees of visual angle (Morrison & Rayner, 1981) . In reading visual span is, therefore, roughly scale (magnification) invariant. According to the 6isual span control hypothesis (O'Regan et al., 1983; Jacobs, 1986) eye movements are controlled directly by the size of visual span. In one-dimensional visual search 80% of the variance of mean saccade sizes have been shown to be explained by the size of visual span (Jacobs) . Rayner and Fisher (1987) measured search time and eye movements in a task where the observer had to find a target letter in a one-dimensional letters string where the other letters were distractors. They used the moving window technique (McConkie & Rayner, 1975) to determine the area from which information was acquired during one fixation. The decision region, the region within which the subject can indicate the presence of the target, was estimated to consist of 3-4 letters per fixation when the target is similar to the distractors but 5 -6 letters when the target and distractors are dissimilar. In addition, they estimated that in each fixation some type of information was received from at least 9-13 letters. The region of the total span outside the decision region was interpreted to be a preview region. Bertera and Rayner (2000) , measured search time and eye movements in a task where the observer had to find a target letter in a two-dimensional irregular array of characters (numerals and letters) using the moving window technique. They found that the diameter of the region where characters were visible was 3-6 characters depending on the density of the arrays. These estimates are similar to the decision region but smaller than the total span found by Rayner and Fisher (1987) . Motter and Belky (1998) studied visual search and eye movements using rhesus monkey subjects. The elements of the search display were red or green bars. In a conjunction search condition, the target was a combination of certain colour and orientation. Search time as well as the number of fixations increased with the number of elements in the search array. Supporting the parallel processing hypothesis during fixations, they found that the fixation duration was independent of the number of elements near the fixation point. Further, their results suggested that the area of conspicuity (conceptually similar to visual span) was heavily dependent of stimulus density. If, however, the density was taken into account by expressing eccentricity in average nearest neighbour distance, the conspicuity area was independent of density. That is, for their monkey subjects the conspicuity area contains the same number of elements on average independently of stimulus density.
The study of Pollatsek, Raney, LaGasse, and Rayner (1993) suggested that in reading and in a word search task, where text was arranged in horizontal lines, relatively little information was extracted from the line below the one fixated at. Prinz (1984) studied visual search for words arranged in horizontal lines. In contrast to the findings of Pollatsek et al., subjects were able to find the target word about 3.1 lines (1.8°) below and 2.3 lines (1.3°) above the fixated line. Therefore, the visual span in the vertical direction was at least about five lines.
The concept of visual span appears to be similar to the decision region defined by Rayner and Fisher (1987) for visual search. The concept of perceptual span (McConkie & Rayner, 1975) refers to the region from which useful information can be acquired. Therefore, it seems to correspond to the total span of Rayner and Fisher. This consists of the decision region and a preview region, which includes all stimuli outside of the decision region that can affect processing of the information acquired from the decision region.
Effects of contrast
Contrast can affect the speed of visual processing in different ways. Studies with grating stimuli show that reaction times decrease with increasing contrast (Lupp, Hauske, & Wolf, 1976; Harwerth & Levi, 1978; Mihaylova, Stomonyakov, & Vassilev, 1999) . Similar findings have been obtained in studies measuring visual evoked potentials to gratings of different contrasts (Mihaylova et al.) . Visual perception, therefore, becomes faster with increasing contrast.
Contrast can affect stimulus discriminability, which in turn can affect fixation duration. Hooge and Erkelens (1996) showed that in visual search, where Landolt C elements were used, the reduction of stimulus discriminability produced by reducing the gap size resulted in an increase of fixation duration.
The effect of contrast has been previously studied in reading and 'pseudo-text' search. It has been found that reading speed increases considerably with increasing contrast at low contrast levels but at higher contrasts reading speed is nearly independent of contrast (Legge, Rubin, & Luebker, 1987) . This applies to static text (normal reading) as well as text drifting within a rectangular aperture. It has also been found that, in reading, visual span shrinks with decreasing contrast (Legge, Ahn, Klitz, & Luebker, 1997) . This leads to an increased number of fixations with decreasing contrast. Also fixation duration increases with decreasing contrast (Legge et al.) . The increasing number of fixations and the increase of fixation duration together lead to lower reading speed for low contrast text and low vision observers.
Somewhat similar findings have been obtained from a 'pseudo-text' search experiment (Roufs & Boschman, 1997) . 'Pseudo-text' contained letters and numerals in strings of variable length followed by one another and arranged in rows like normal text. The task was to search for a particular letter from the 'pseudo-text'. 'Pseudo-text' search required eye movements resembling those found in reading normal text, i.e. observers scanned 'pseudo-text' from left to right, row by row, continually making saccades, between which there were fixations. With increasing contrast the speed of 'pseudo-text' search first increased and then levelled off. Fixation duration decreased and saccade amplitudes increased with increasing contrast (Roufs & Boschman).
Purpose
The purpose of the present study was to measure the dependence of search performance on stimulus contrast at different set sizes, and to determine to what extent the two-dimensional visual span and eye movement parameters (number of fixations, fixation duration, and saccade amplitude) as well as other factors, such as stimulus discriminability and visual latencies, are related to the changes in performance as contrast increases.
Methods

Subjects
Three subjects with normal or corrected to normal vision participated in the study. One of the subjects (MK) was naïve as to the purpose of the study and did not have previous experience of psychophysical experiments. The other two (HO and RN) were authors of this study and experienced subjects in visual search tasks.
Stimuli
The stimuli were generated by using a PC computer with a 200 MHz Pentium MMX processor and a 17¦ CRT colour display. The computer was running under Windows 95 operating system. The graphics adapter was used at a resolution of 800× 600 pixels and a frame rate of 85 Hz. The pixel size of the display was 0.0375×0.0375 cm 2 . The photopic luminance of the background was 60 cd/m 2 . The contrast of the character stimuli was changed by changing the foreground luminance, which was always darker than the background. Contrast (c) was expressed as
, where L max is the background luminance and L min is the character (foreground) luminance. The contrast of the characters were determined by using a Minolta Luminance Meter (LS 110) using two close up lenses to provide sufficient magnification. The measurements were done in a dim room, where the only light source was the monitor.
The stimuli were rectangular arrays of characters. One of the characters was an upper case letter (A, B, C, D, E, H, K, N, R, S, U, V, X, or Z). The other characters were numerals (0-9). The letter and its position in the character array as well as the numerals were selected for each stimulus presentation at random. The stimulus presentation was preceded and followed by a similar array of question marks (?), which worked as a mask to reduce possible effects of visual persistence. The mask also served as a fixation stimulus. The observers were allowed to fixate at anywhere within the question mark array before stimulus presentation. The typeface used was Courier New at a point size of 35. The letter height was about 1.1 cm on the screen, which corresponds to 0.9°of visual angle at a viewing distance of 70 cm. Fig. 1 shows the layout of the stimulus screen during stimulus presentation (array size of 10× 10).
Procedure
The task of the observer was to search for and identify the letter shown in the array of numerals. The following procedure was applied to determine the threshold presentation time (threshold search time). Close to the left-hand edge of the screen, there was an array of graphical buttons, one button for each letter alternative. After stimulus presentation the observer indicated her/his choice by pointing and clicking one of the buttons with mouse. The observer first moved fixation from the stimulus array to the button array, placed the mouse cursor on the appropriate button, moved fixation back to the mask array and then pressed the mouse button. The response started a new presentation after a delay of 500 ms. A sound signal was given as feedback if the choice of the observer was incorrect.
After three consecutive correct responses the duration of the search array was decreased by a factor of 1.26, and after each incorrect response the duration was increased by the same factor. A threshold estimate for the stimulus presentation time at the probability level of 0.79 of correct answers (Wetherill & Levitt, 1965) was obtained as the mean of eight reversals. The counting of reversals started after the observer had made two errors. The starting duration was 4000 ms. The mean number of trials needed for one threshold estimate was about 52 with a standard deviation of about 11 for all three observers. One source of variability in search times in serial visual search tasks is caused by the random choice of the scan path and the random position of the target. To stabilise the estimated threshold values the arithmetic mean of three threshold estimates were used. The viewing was binocular at a distance of 70 cm. A chin rest was used to make the head stable.
Eye mo6ement recordings
Eye movements were recorded simultaneously with threshold measurements by using an SMI (SensoMotoric Instruments Inc.) EyeLink video eye tracker. Both eyes were recorded with miniature infrared video cameras while two infrared LEDs in each camera illuminated the eyes. The sampling rate of the system was 250 Hz. The eye tracking system was controlled by a separate PC computer running under DOS operating system. The previously mentioned computer for stimulus presentation, running under Windows, and the eye tracker computer communicated with each other via an Ethernet link.
The eye movements were analysed automatically. Saccades and fixations were detected using software provided by the manufacturer of the eye tracker. The criterion for a saccade was two-fold. A sample belonged to a saccade if either the acceleration or velocity at that sample exceeded their respective thresholds, which were 9500°/s 2 for acceleration and 35°/s for velocity. Samples that did not belong to a saccade were interpreted to belong to a fixation. The eye movement data reported here represents the mean of the data for the left and right eyes. The eye movement data were only collected after the subject had made two errors in her/his responses. Therefore, the eye movement data represents the behaviour at near threshold duration.
The registration of eye movements started always at the same time as the stimulus presentation. The eye movement recording was switched off when stimulus presentation ended, when the observer made a saccade to the response buttons, or when the observer pressed the mouse button for response. The observers were instructed to make an immediate saccade to the response buttons after finding the target. The purpose of these measures was to reduce the possibility of recording eye movements after the target was found.
Results
We measured the time required to search for a letter from an array where the other characters were numerals. Simultaneously we recorded eye movement. Threshold search time ( Fig. 2A-C) for all array sizes used decreased with increasing contrast. The decrease was relatively steep at low contrasts but became small at higher contrasts. Thus, the speed of visual search increased with increasing contrast. The search times were longer for larger set sizes.
The average number of eye fixations per search decreased with increasing contrast (Fig. 3) . The number of fixations per search for the 3× 3 array was equal or close to unity for all contrasts except for the lowest contrast for subject RN. For the 5×5 array the number of fixations per search decreased to near unity at higher contrasts. The number of fixations equal to unity indicates that search did not require eye movements, i.e. the whole array size was within the visual span of the observer. For the array of 7× 7 elements the number of fixations decrease from the average of 6.72-1.66. For the largest array size (10×10) the number of fixations per search averaged across subjects was 12.9 when the contrast was low (0.0186) and 3.5 when the contrast was high (0.412). The correlation coefficients between threshold search time and the number of fixations per search were 0.98, 0.99, and 0.94 for subjects RN, HO, and MK, respectively.The standard errors of the mean of the results shown in Figs. 2 and 3 were smaller than or nearly equal to the symbol size used. Fig. 1 . The search display. The task of the observer was to find a letter from an array of numerals and indicate the letter by clicking the appropriate button on the left. A staircase algorithm was used to obtain the threshold exposure duration needed for identifying the letter with a probability of 0.79 (see Section 2 for details). data for the three observers (analysis of variance of repeated measures using Huyhn-Feldt correction for a small sample) showed that the reduction of fixation duration was statistically significant (F(1.38, 2.77)= 88.366, P=0.003). With increasing contrast there was an increase of saccade amplitudes (Fig. 5) , which, too, was statistically significant (F(2.38, 4.76)= 30.888, P= 0.002). In Fig. 4 and Fig. 5 , error bars indicate the standard errors of the mean. The group means of fixation duration and saccade amplitude are shown in Table 1 . The fixation duration and saccade amplitude data are only shown for the largest array size since at that size the number of fixations and saccades is large enough to allow meaningful estimation of the values of eye movement variables at all contrast levels. If there is only one fixation per search, the threshold search time can be shorter than the fixation duration, and then fixation duration does not necessarily tell anything about the search process.
There was a clear drop of fixation duration with increasing contrast (Fig. 4) . Statistical analysis of the searched with one fixation is clearly within the area of the two-dimensional visual span. The data shows that at the highest contrast, the size of visual span is at least of the size of the 5×5 array. At the lowest contrast, visual span is clearly smaller being about of the size of the 3×3 array. The vertical extent of visual span found by Prinz (1984) was about five lines, too. The increase of visual span with contrast is in agreement with what has been found in reading (Legge et al., 1997) . Since saccade amplitude can be closely linked with visual span (Jacobs, 1986) , the increase of saccade amplitudes with increasing contrast in 'pseudo-text' search (Roufs & Boschman, 1997) can be taken as an indication that visual span depends on contrast.
The decrease of visual span with contrast can be explained as follows. The sensitivity of the visual system for characters of a given size decreases with eccentricity. Also the sampling rate of the retina, in particular at the ganglion cell level, decreases with eccentricity. Therefore, internal local signal-to-noise ratio decreases with eccentricity. With decreasing contrast, peripheral signal-to-noise ratio becomes too low for reliable character recognition. This causes a gradual shrinkage of the area around the fovea from which character information can be extracted reliably enough.
The scan-path pattern in our search task differs from that in reading and the 'pseudo-text' search task of Roufs and Boschman (1997) . Rather than proceeding from left to right, row by row, the scan-path pattern in our search task was apparently random in two-dimensions. The exact relationship between scan-paths and stimulus configuration is outside the scope of this paper. Some examples of scan-paths for the low contrast data for subject HO are shown in Fig. 6 . Similar behaviour was found for other subjects as well. At higher contrast the behaviour was similar except that the number of fixations per search was lower.
There was a high correlation between threshold search time and the number of fixations (r= 0.94-0.99). Therefore, most of the threshold data can be explained by the number of fixations required by the search, which, in turn, apparently depends on visual span. Thus, our findings support the visual span control hypothesis as the basic determinant of the number of fixations per search array. This is further supported by the fact that saccade amplitudes increased with contrast.
However, a small amount of variance remains to be explained by other factors. For the set size of 3×3 items, only one fixation was needed except at the lowest contrast for two of our subjects. Despite this, we found a clear decrease of search time as stimulus contrast increased. Therefore, factors other than the number of fixations affected performance. One such factor could be the reduction of visual latency with increasing contrast (Lupp et al., 1976; Harwerth & Levi, 1978 ; Mihay- 
Discussion
The results showed that at all set sizes (the size of stimulus array), search performance improved with increasing contrast. On the other hand, search time increased with set size at all contrasts. The number of fixations per search decreased with increasing contrast. The effect of contrast on fixation duration as well as on saccade amplitude was small but statistically significant.
The improvement of search performance with increasing contrast is in agreement with the findings that reading speed (Legge et al., 1987 (Legge et al., , 1997 and the performance in 'pseudo-text' search (Roufs & Boschman, 1997) increases with contrast. The reduction in fixation duration is also in agreement with reading (Legge et al.) and 'pseudo-text' search (Roufs & Boschman) studies.
Rough estimates of visual span can be obtained from the number of fixations. A stimulus array that can be Fig. 6 . Examples of scan-paths in the letter search task for the lowest contrast (0.0186) and array size 10 ×10. Each panel shows the fixation position data (circles) for one trial. At higher contrast the patterns were similar except that the number of fixations was lower. lova et al., 1999) . On the other hand, signal-to-noise ratio, which is low at low contrasts, could increase with increasing integration time. One possible explanation is, therefore, that a longer viewing time is used to improve signal-to-noise ratio at low contrast. These factors could account for the increase of fixation duration with decreasing contrast. At low contrast, it is more difficult to discriminate targets from distractors. Therefore, the increase of fixation duration with decreasing contrast is also in agreement with the finding that reduced discriminability increases fixation duration (Hooge & Erkelens, 1996) .
Conclusions
The present study showed that contrast has a strong effect on the speed of visual search. In accordance with the 6isual span control hypothesis, the main factor seems to be the increase of two-dimensional visual span with increasing contrast, while other factors, related to prolonged viewing at low contrasts, played a smaller role.
